Background The incidence rates of childhood onset type 1 diabetes are almost universally increasing across the globe but the aetiology of the disease remains largely unknown. We investigated whether birth order is associated with the risk of childhood diabetes by performing a pooled analysis of previous studies.
Birth order and childhood type 1 diabetes risk: a pooled analysis of 31 observational studies Introduction The incidence of childhood onset type 1 diabetes is increasing by $50% every 10 years. 1, 2 The pace of this increase, within genetically stable populations, suggests the role of environmental exposures, but these exposures remain largely unidentified. More recently, researchers have speculated that the hygiene hypothesis, 3 which suggests that the immune system requires stimulation by infection and other immune challenges to achieve a mature and balanced repertoire of responses, could explain this increase. Partly to examine this hypothesis, many studies have investigated the association between birth order and childhood onset type 1 diabetes. However, the findings of these studies are difficult to interpret due to the large number of studies conducted, the differing sizes (and powers) of these studies and the inconsistent presentation of birth order results. Also, many studies do not report results adjusted for important confounders such as maternal age, which is associated with both birth order and childhood diabetes risk and therefore could distort any birth order association. 4 The aim of this study was to perform a systematic review and meta-analysis to assess the evidence of an association between birth order and type 1 diabetes, and to adjust for potential confounding by relevant factors such as maternal age, breastfeeding and maternal diabetes. [5] [6] [7] 
Methods

Literature search
The main literature search was conducted using MEDLINE, through OVID ONLINE, and the strategy was: ('Birth Order' or birth order or 'Parity' or parity or first born) and ['Diabetes Mellitus, Type 1' or (diabetes and Type 1) or IDDM] using the terms in inverted commas as MEDLINE subject heading key words. Similar searches were conducted on Web of Science and EMBASE. Finally, to identify studies that investigated birth order along with other risk factors, a more general search was conducted on MEDLINE using: ['Diabetes Mellitus, Type 1' and ('Case-Control Studies' or 'Cohort Studies')]. The searches were limited to studies on humans published before January 2010. Abstracts were screened independently by two investigators (C.R.C. and C.C.P.) to establish if the studies were likely to provide relevant data based on the following inclusion criteria: (i) they identified a group with type 1 diabetes and a group without type 1 diabetes; and (ii) they recorded birth order in these groups. Studies were excluded if they contained fewer than 100 cases (because adjustments for confounders may not perform well in these studies) or if they were family based (because in such studies every only child must be a case, leading to a distorted association between birth order and diabetes). Citations generated from the more general MEDLINE search were initially screened to remove obviously irrelevant articles. Finally, the reference lists of all pertinent articles were hand searched and the corresponding author of each included article was asked if they were aware of any additional studies.
An author from each included study was contacted because categorizations (and adjustments) differed in published reports and some authors who recorded birth order did not present birth order findings. These authors were invited to provide raw data sets, or estimates from pre-specified analyses, for the association between birth order and type 1 diabetes before and after adjustments for maternal age (if available) and other potential confounders (if available).
Details of included studies (reported in Table 1 ) were extracted by one reviewer (C.R.C.) and agreed with the study author. 
Statistical analysis
Odds ratios (ORs) and standard errors (SEs) were calculated for the association between categories of birth order and childhood type 1 diabetes for each study. Adjustments for confounders were conducted using regression models consistent with the study design, before random-effects models were used to calculate pooled ORs. 8 Unconditional and conditional logistic regression was used to calculate the ORs and SEs for the unmatched and matched case-control studies, respectively. In cohort studies with varying length of participant follow-up, Poisson regression was used to estimate rate ratios and their SEs as measures of association (which should be approximately equal to ORs for a rare disease such as type 1 diabetes). 9 A year of birth term was added to Poisson regression models to adjust the rate ratios for any differences in year of birth between cases and controls resulting from this study design. Tests for heterogeneity were conducted and the I 2 statistic was calculated to quantify the degree of heterogeneity between studies. Publication/selection bias was investigated by checking for asymmetry in funnel plots of the study ORs against the standard error of the logarithm of the ORs.
Meta regression techniques 10 were used to investigate whether any association between birth order and diabetes varied by year of publication or response rates in cases and controls. Subgroup analyses were conducted subdividing studies by type and including only studies with a reduced risk of bias (excluding case-control studies with non-population-based or non-randomly selected controls or any study with a response rate of <80% in either the cases or controls). An a priori subgroup analysis was conducted by age at diagnosis of diabetes (as a previous study suggested that the birth order association was only apparent in children aged <5 years) 11 and pooled estimates were compared by age at onset using standard tests for heterogeneity. 12 All statistical analyses were performed using STATA 9.0 (Stata, College Station, TX, USA).
Results
Search results
A flow chart describing the results of the literature searches is shown in Figure 1 authors). Of these, 48 were excluded: 35 contained duplicate or overlapping information, 8 contained information on fewer than 100 cases and 5 utilized family-based designs. The remaining 30 articles 5-7,11,13-38 contained information from 35 independent studies, as information from five centres was taken from 1 article 6 and information from two centres was taken from another. 7 An investigator from each of the 35 studies was invited to provide raw data (or estimates from pre-specified analyses). Full datasets were obtained from 22 studies, 6, 7, 11, 16, [18] [19] [20] [21] 24, 26, 27, [31] [32] [33] [34] [35] 37 in eight studies authors provided estimates from pre-specified analyses, 5, 13, 17, 23, 25, 30, 36, 38 in one study an estimate was extracted directly from the published report 29 (as the author could not be contacted) and in four studies 14, 15, 22, 28 data were not available. In 29 studies data were available for birth order in three categories (first-born children, second-born children and thirdor later born children) allowing an investigation of the shape of any association, whilst in 2 studies 25, 29 only two categories were available (first born, second or later born). Table 1 contains the characteristics of the 31 studies, containing 11 955 cases of type 1 diabetes, included in the analysis. These studies were published between 1988 and 2009. They contain 6 cohort studies and 25 case-control studies and were predominately conducted in Europe, apart from 3 studies from Australia and 1 each from Taiwan and Brazil.
Overall findings
Overall (in 29 studies), there was little evidence of a difference in the risk of type 1 diabetes in secondborn children [OR ¼ 0.99 95% confidence interval (CI) 0.93, 1.06] or third-or later born children (OR ¼ 0.95 95% CI 0.87, 1.04) compared with firstborn children and there was marked heterogeneity between studies ( Figure 2 and Table 2 ).
After adjustment for maternal age at birth (in 26 studies) there was some evidence of a reduction in diabetes risk in second-born children of 5% (OR ¼ 0.95 95% CI 0.88, 1.04) and a more marked reduction of in the third-or later born children of 14% (OR ¼ 0.86 95% CI 0.76, 0.97), compared with Figure 2 Meta-analysis of studies of birth order and type 1 diabetes using the random effects model, studies ordered by publication date. ED, Eurodiab; SK, Sadauskaite-Kuehne; CI, confidence interval; df, degrees of freedom the first-born children (Figure 3 and Table 2 ). However, there was marked heterogeneity between studies for these associations (I 2 ¼ 55 and 65%, respectively). These estimates were little altered after further adjustment for all available confounders [included birth weight, gestational age, caesarean section delivery, breastfeeding and maternal diabetes (see Table 1 for availability)]. Funnel plots of the association between birth order and odds of type 1 diabetes were investigated ( Supplementary Figure 1 available as supplementary data at IJE online) and roughly conformed to the expected funnel shape providing little evidence of asymmetry, which could signify publication bias.
Second born versus first born Third or later born versus first born
Sensitivity analysis and investigation of heterogeneity
The main associations after adjustment for maternal age at birth were similar in cohort and case-control studies ( Table 2) , showing a reduction in type 1 diabetes risk in third-or later born children compared with first-born children (adjusted OR ¼ 0.84 95% CI 0.77, 0.92 and 0.87 95% CI 0.71, 1.07, respectively). There was less evidence of the heterogeneity of this association in the cohort studies (I 2 ¼ 12%) compared with the case-control studies (I 2 ¼ 71%). Table 2 also shows a separate analysis including only studies with a low risk of bias (excluding casecontrol studies with non-population-based or non-randomly selected controls and excluding studies with a response rate of <80% in either the case group or control group). Overall, in the 11 studies with a low risk of bias, there was a slightly more marked reduction in diabetes risk in second-born children (OR ¼ 0.90 95% CI 0.81, 0.99; P ¼ 0.04) and in thirdor later born children (OR ¼ 0.82 95% CI 0.70, 0.96; P ¼ 0.01) compared with first-born children but the heterogeneity remained (I 2 ¼ 48 and 68%, respectively).
Further analyses were conducted to attempt to identify the source of the heterogeneity. Meta regression Adjusted for all available confounders as shown in Table 1 First Where available see Table 1 .
BIRTH ORDER AND CHILDHOOD TYPE 1 DIABETES RISK was used to investigate whether the OR in second-or later born children compared with first-born children (after adjustment for maternal age) was associated with other study characteristics. However, there was little evidence that this OR was correlated with control response rate (per 10% increase the adjusted OR reduced by 2% 95% CI -6, þ3; P from meta-regression ¼ 0.43), or case response rate (per 10% increase the adjusted OR reduced by 2% 95% CI -12, þ9; P from meta-regression ¼ 0.73) or year of study (per decade increase the adjusted OR reduced by 10% 95% CI -29, þ14; P from meta-regression ¼ 0.38).
Association by age group
The association between birth order and early diagnosed diabetes (i.e. <5 years of age) in 25 studies (including 3288 cases) is shown in Table 3 . Overall, in children aged <5 years there was some evidence of a reduction in the risk of type 1 diabetes in secondborn children (maternal age adjusted OR ¼ 0.90 95% CI 0.81, 0.99; P ¼ 0.04) and third-or later born children (maternal age adjusted OR ¼ 0.78 95% CI 0.68, 0.99; P < 0.001) and there was little evidence of heterogeneity between studies (I 2 ¼ 9 and 16%, respectively. Table 3 also shows that these associations were similar in cohort studies, case-control studies and in studies with a low risk of bias.
In contrast, there was little evidence of any association between birth order and childhood diabetes diagnosed between 5 and 15 years based upon 22 studies (including 5935 cases). Specifically, there was no evidence of an association in second-born children (maternal age adjusted OR ¼ 1.04 95% CI 0.92, 1.18; P ¼ 0.45) or third-or later born children compared with first-born children (maternal age adjusted OR ¼ 0.98 95% CI 0.81, 1.18; P ¼ 0.88). There was marked heterogeneity for both associations (I 2 ¼ 58 and 68%, respectively).
Formal comparisons of the association by age at diagnosis revealed evidence that the OR per category increase in birth order was different in the <5s compared with the 45s (OR ¼ 0.89 95% CI 0.83, 0.95 and OR ¼ 1.00 95% CI 0.91, 1.10, respectively; P for interaction ¼ 0.04). Additional analysis revealed little evidence of any difference in diabetes risk in later born children diagnosed in the 5-10 age group (OR ¼ 1.00, 95% CI 0.82, 1.21) Figure 3 Meta-analysis of studies of the association between birth order and type 1 diabetes after adjustment for maternal age using the random effects model, studies ordered by publication date. ED, Eurodiab; SK, Sadauskaite-Kuehne; df, degrees of freedom
Discussion
This pooled analysis shows that second-or later born children experience a reduction in type 1 diabetes risk of $10%, but this association varied between studies. The association was only apparent after adjustment for maternal age at birth, perhaps because first-born children have younger mothers and are consequently at reduced diabetes risk. 4 An a priori subgroup analysis demonstrated a stronger and more consistent association in children aged <5 years. This is, to our knowledge, the first systematic review and pooled analysis of the association between birth order and the risk of type 1 diabetes. The main strength of this review is that it contains data from up to 11 955 cases from up to 31 studies with consistent categorization of study variables and adjustment for relevant potential confounders. As with all meta-analyses, it is possible that publication bias could have led to the exaggeration of the observed effects but there was little evidence of any such bias from funnel plots. Of the four studies that were identified by literature searches but could not be included, one reported a reduced risk of diabetes in fifth-or later born children, 14 two reported no association between birth order and diabetes 15, 22 and one did not report any data on the association. 28 Birth order may have been reported differently between studies for a small minority of children (such as those born following still births, twins or adopted siblings) but it seems unlikely that such variations could bias results.
The cause of any increase in the risk of childhood type 1 diabetes in first born children is unknown. It is possible to speculate that prenatal exposures which depend upon the mother's parity may be involved, such as maternal immune response. 39 Alternatively, birth order may be a marker of postnatal exposures as it is likely that first-born children have a reduced or delayed exposure to infections such as enteroviruses, 40 assuming that later born children share the household with older siblings who are exposed to infectious agents at school or day care. So, this finding may provide indirect support for the hygiene hypothesis, which suggests that the immune system requires stimulation by infections and other immune challenges in early life to achieve a mature and balanced repertoire of responses. 3 Weak support for this theory has come from animal models of infection in the non-obese diabetic (NOD) mouse, which have shown that infections can both reduce and increase diabetes risk. 41 Various markers for infection have been used in epidemiological investigations. These studies have shown some evidence of a reduction in Table 3 Meta-analyses of studies investigating the association between birth order and type 1 diabetes in children <5 years of age (including 3288 cases) after adjustments for maternal age
Analysis
Birth order Except for two studies where unadjusted estimates were used. 25, 31 BIRTH ORDER AND CHILDHOOD TYPE 1 DIABETES RISK
